To increase ecological safety of phenol-formaldehyde resins production of the novolac type, the adsorption technology for purification of wastewater containing mainly phenol and formaldehyde was developed. The research of organic substances adsorption (formaldehyde, phenol) from individual aqueous solutions and their mixtures on carbon sorbents grades AG-3, AG-OV-1, SKD-515, BAU, ABG, XAU was conducted, this grades differ in composition, method of producing, structure, and chemical state of the surface. The basic laws, characteristics and mechanism of adsorption of organic substances on activated carbon (AU) were established. The mechanism of mass transfer during adsorption of a mixture of phenol and formaldehyde on the investigated sorbents was showed, and the external mass transfer coefficients were calculated. There was proposed the method of optimization of parameters and continuous adsorption treatment process modes, based on the fundamental external diffusion dynamics adsorption formula using the adsorption constants of the Dubinin-Radushkevich's equation and kinetic dependencies. The main features of the adsorption dynamics were established, which allowed to determine the duration of column operation, the amount of feed water depending on the throughput rate, the height of the fixed bed and size of the column. According to the results of experimental studies and derivatographic analysis we developed the technology of carbon sorbents regeneration after adsorption of formaldehyde and phenol mixture, which allowed to restore the AC (activated carbon) sorption capacity to 95-98%. On the basis of aggregate balance studies, kinetics and dynamics of adsorption process, optimization of the cleaning regime and the parameters of adsorption column using mathematical modeling, we recommend the technological solution for waste water purification from phenol and formaldehyde, which are formed in the process of phenol-formaldehyde resins of the novolac type production.
INTRODUCTION
The protection of environment is currently one of the most important factors influencing the further development of mankind. Over the last years, the problems connected with the pollution of the hydrosphere intensified. The discharge of insufficiently purified waste water in water bodies leads to decrease in biological productivity of ecosystems and the water resources depletion. Development and practical application of low-waste and non-waste technological processes with local purification of wastewater, which provide the treated water recycling and bringing the extracted valuable components to the marketable product or a secondary raw material, is one way of solving the problem of environmental protection and resource saving.
The main hydrosphere pollutants include compounds of the second class of hazard, they are phenol and formaldehyde. Phenol is a general protoplasmic poison and is toxic to all cells. The toxic effect of phenol is directly related to the concentration of free phenol in the blood. Phenol leads to gastrointestinal disorders, liver and kidneys diseases and also is a cause of oncological diseases. Formaldehyde causes injury of the central nervous system, liver, eyes, and it has allergenic, mutagenic, sensitizing, carcinogenic effect [1] [2] [3] .
Phenol and formaldehyde are mostly contained in the wastewater of pulp and paper, leather, chemical industries (including the production of pesticides, organic pigment, varnishes, explosives, synthetic resins, plastics), and also production of drugs. The concentration of phenol and formaldehyde in wastewater can reach 10 g/dm 3 . For example, in the production of phenol-formaldehyde resins of the novolac type, the waste water generated in the production process contain 2-5 g/dm 3 of phenol, 1.5-4 g/dm 3 formaldehyde. Novolac resins are widely used in the production of molding powders, press materials with fibrous and sheet metal filler (asbestos, etc.), spirit varnishes, insulating and hardening mastics, grinding disks, and also as the binders, additives to other resins, foam materials.
The practical methods of extraction of formaldehyde and phenol from the waste water have several disadvantages: significant expenses of chemicals, heat and electricity are required, use of expensive equipment, high temperatures, often accompanied by the formation of secondary pollution. The solution to the problems of waste water purification involves the development and wide introduction in practice of new reliable and efficient technological processes.
For the purification of waste water from organic compounds, the activated carbon adsorption is often effective. To create effective technologies of adsorptive waste water purification from organic compounds by carbon sorbents, it is necessary to conduct an integrative study including the balance, kinetics and dynamics of adsorption.
The aim of this work is to develop environmentally friendly adsorption technology for cleaning waste water from the mixture of phenol and formaldehyde with closed material flows, which allows to reuse purified water and to extract valuable components.
MATERIALS AND METHODS
The following objects of research were selected: AC (activated carbon) grades AG-OV-1, BAU, SKD-515, and AG-3 (JSC "Sorbent", Perm), KsAU (coconut charcoal, "Eurocarb", England), ABG (brown semicoke, CJSC "Carbonica-f", Krasnoyarsk), all objects differ in raw materials, production process, chemical surface condition, technical characteristics; aqueous solutions of formaldehyde and phenol with a variable content of organic substances (0.0001-70 mole/dm 3 ) and a mixture thereof.
The equilibrium adsorption of phenol and formaldehyde mixture was studied in the ratio 1 : 2 (mole/dm 3 ). The selected ratio of organic components corresponds to their content in the waste water of phenol-formaldehyde resins production. The research of the kinetics and dynamics adsorption of systems formaldehyde -phenol -water -AC was conducted with a help of phenol water solutions at a concentration of 25 mole/dm 3 , and formaldehyde -50 mole/dm 3 . The content of phenol and formaldehyde in the samples was determined by molecular absorption spectroscopy.
RESULTS AND DISCUSSION
To clarify the particularities, regularities and mechanism of the formaldehyde and phenol adsorption, there were carried out experimental studies of the adsorption extraction of formaldehyde and phenol from solutions of individual components by carbon adsorbents, then the adsorption isotherms were built (Fig. 1) and also the structure of the sorbents and chemical state of the AC surface was determined. The adsorption isotherms are in normal state and according to the Hilsa's classification based on the shape they belong to the class L, assuming the physical nature of adsorption. Analysis of adsorption isotherms of organic substances shows that the maximum adsorption capacity of AC depends on the nature of raw materials (Table 1) , the structure of the carbons (Table 2 ) and chemical state of the surface (Table 3) . Presented data (Fig. 2) show that the efficiency of adsorption also depends on the physical and chemical properties of substances. The higher formaldehyde solubility in water (12400 mg/dm 3 ) compared to phenol (925 mg/dm 3 ) and the ability of formaldehyde to form clusters in the solution reduces the sorption capacity due to the dispersion interactions in all carbonic sorbents. Under these conditions, formaldehyde is more favorably adsorbed on the surface of active groups, forming a secondary adsorption centers. The adsorption of formaldehyde continues on the secondary adsorption centers in the area of high concentration, forming new active centers for the formaldehyde adsorption.
To characterize carbon materials and calculate adsorption parameters there were used the Freundlich's and Langmuir's equations (theory of monomolecular adsorption), the Dubinin-Radushkevich's equation (the theory of volume filling of micropores) and the BET equation (the Brunauer-Emmet-Taylor theory of multimolecular adsorption) [4] . The applicability of the equations for calculating the parameters of adsorption was determined by preliminary experimental and theoretical studies. It is established that all the equations can be applied to describe the adsorption process of the studied organic substances.
The maximum adsorption scope for phenol and formaldehyde is in the range 0.09-1.16 dm 3 /kg and we can suggest that the adsorption of organic contaminants from solutions of individual substances is subjected to the mechanism of micropores volume filling for the studied ACs. The values of characteristic energy, which is in the range of 10.10-15.90 kJ/mole, indicate that the adsorption runs mainly in AC's micro-and mesopores, and for activated carbon ABG -in mesopore. Adsorption isotherms of organic AC substances and the calculated values of the adsorption heats (10.80-17.70 kJ/mol) allow us to make a conclusion about the physical nature of organic substances interaction with the studied AC's surface, moreover phenol has predominantly dispersive (nonspecific) and partially specific interaction due to the hydrogen bond formation. As for formaldehyde, a specific interaction with the acid functional groups of the AC's surface is more typical, the secondary adsorption centers for molecules of formaldehyde are formed.
It is established that the efficiency of organic substances extraction from AC's water in static conditions changes in the following sequence: phenolKsAU > SKD-515 > AG-OV-1 > AG-3 > ABG, formaldehyde -KsAU > AG-3 > AG-OV-1 > SKD-515 > BAU > ABG.
Due to the fact that waste water typically contains mixtures of organic substances, we investigated the equilibrium adsorption of formaldehyde and phenol from aqueous solution of their AC's mixture.
On the basis of experimental studies of the adsorptive formaldehyde and phenol extraction from AC's aqueous mixtures, adsorption isotherms presented in Fig. 3 were plotted. It is known that during the adsorption of the mixed components, the adsorption places are to be competitive, causing a decrease in adsorption of components compared with the adsorption from individual solutions. This change is due to the solubility [5] : if solubility differs greatly -the adsorption of the more soluble component is greatly reduced, less soluble -varies slightly. A comparison of adsorption isotherms of phenol and formaldehyde from aqueous solution of their mixture with isotherms adsorption from aqueous solutions of the individual components showed that such pattern as formaldehydephenol-water is observed only for formaldehyde at a concentration more than 10 mole/dm 3 . From the mixture formaldehyde is adsorbed slightly weaker than that from its aqueous solution of the individual substance.
Thus, the flattening of isotherms is observed, which may indicate the changing nature of interaction between the components in solution and with the AC's surface. Changing of the adsorption isotherm's shape of formaldehyde from a AC's mixture on the AG-3 from L to S4, means the increase of the activation energy and strong force of interaction between the adsorbed molecules than between the dissolved substance and the AC, as well as the desire of the solute molecules reside on the surface in the form of chains or clusters [6] .
The decrease of phenol adsorption in the joint presence of organic substances is not observed due to its lower concentration than in an individual solution, lower solubility and ability to adsorb by van der Waals forces in the micropores.
Adsorption isotherms calculated with the help of Dubinin-Radushkevich's, Freundlich's and BET equations (with the exception of the Langmuir equation) correspond with the experimentally obtained adsorption isotherms on the AC, which indicates the possibility of application of these equations to calculate the parameters of phenol and formaldehyde adsorption in static conditions from aqueous solutions of their mixtures. The calculated values of the adsorption parameters of organic substances from mixed aqueous solutions of all carbons are given in Tables 4, 5 .
The values of maximum adsorption scope for phenol and formaldehyde suggest that the organic substances adsorption in the joint presence is subjected to the mechanism of micropores volume filling for the studied ACs. The values of characteristic energy indicate that the phenol and formaldehyde sorption runs mainly in adsorbent's micro-and mesopores. The value of adsorption heat at a low filling of pores by carbon sorbents for phenol imply the adsorption caused by van der Waals forces (dispersion interaction), and also due to the formation of hydrogen bonds (specific interaction). The value of adsorption heat for formaldehyde give reason to believe, that during its adsorption a specific interaction dominates due to the formation of hydrogen bonds with the surface polar functional groups, meaning that absorption of phenol and formaldehyde active coal is the total process of nonspecific adsorption (to the extent then available) and specific (active centers).
To clarify the mechanism of adsorption IR spectroscopic studies were carried out, which have shown that during the joint formaldehyde and phenol adsorption from aqueous solutions, we can observe an increase of aliphatic (-CH) and C-O groups, instead of dimeric structures adsorption, at the surface of activated carbon [7] . Consequently, phenol and formaldehyde interaction in aqueous solution and on the surface of activated carbon takes place, where molecules of formaldehyde can act as secondary adsorption centers for molecules of phenol. In the case of coadsorption between these compounds, obviously, the hydrogen bonds formation effect appears which is quite fragile, suggesting the possibility of efficient regeneration of activated carbon after adsorptive purification of water from the mixture of phenol and formaldehyde. According to the experimental data of kinetic studies, graphic charts of the adsorption relative values from phase contact time (t) during the adsorption of organic substances by carbonic sorbents (Fig. 4) are plotted, and also such kinetic curves as experimental γ from t and theoretical γ from T. On the basis of comparison of theoretical γ−T and experimental γ−t kinetic curves for the same values of γ, graphic T from t charts were plotted (Fig. 5) . It is known [8] that if the linear dependence of T from t describes the line passing through the central point, then the limiting stage of the adsorption is an external mass transfer, i.e. the rate of adsorbing molecules delivery from solution to the external surface of the grain is less than the speed of their migration in the adsorption space. The deviation from the linear dependence shows that over time the rate of adsorption process is more influenced by internal diffusion. Presented in Fig. 5 data confirm that the adsorption process is controlled by external mass transfer for all studied sorbents.
The values of external mass transfer coefficients, which are necessary to calculate the dynamics of adsorption, are given in table 6. The proximity of the calculated external mass transfer coefficients to each other also indicates that the adsorption process on all AC in the initial moment of time is controlled by external mass transfer.
During the adsorption process of formaldehyde and phenol mixture, the external mass transfer determines the rate of the adsorption process for formaldehyde on KsAU -25 min, on ABG -40 min, on AG-3 -20 min; for phenol on KsAU -15 min, on AG-3 to 20 min, on ABG -10 min. Over the course of time, the total adsorption rate begins to influence on the porediffusion transfer process.
Presented data allow for the conclusion that the adsorption process of phenol and formaldehyde from aqueous solutions is limited by external mass transfer from 10 to 40 minutes depending on the nature of organic substances and properties of activated carbon. This fact offers an opportunity to speed up the filtration while maintaining a high efficiency of organic substances extraction from water [9] .
The continuous process of adsorption dynamics of a phenol and formaldehyde mixture was experimentally investigated on AC AG-3. The adsorption was carried out in glass columns of 1.7 cm in diameter with the height of the sorbent layer -0.5 m and a linear flow rate of 1 m/h. In order to reduce the scope of investigation and optimize industrial units there was explored the possibility of the modeling process based on the fundamental equation of adsorption dynamics using the adsorption constants of DubininRadushkevich and kinetic data. For the pore-diffusion dynamics equations have solutions depending on the shape of the isotherms [10] [11] [12] :
for Langmuir isotherm 
for concave isotherm in region of weak concentration
where τ -time of activated carbon layer performance of N(m) in length, until breakthrough concentration of sorbate (c) is produced; С о -initial concentration of the substance in the flow( mole/dm 3 ); а о -substance content in the stationary phase in equilibrium with C o (mole/kg); β n -external mass transfer coefficient (sec -1 ). Fig. 6 shows the experimental and theoretical curves of dynamic formaldehyde and phenol adsorption. The coincidence of experimental and calculated according to the equation (3) curves indicates the feasibility of using this equation for modeling the adsorption process of formaldehyde and phenol, and also confirms the robustness of the proposed approach to modeling of adsorption and gives the possibility to determine the dynamic characteristics of adsorption without additional experimental studies. During the continuous purification of water containing a mixture of organic substances phenol-formaldehyde, at first the breakthrough of dominant componentformaldehyde from column is observed, that allows to simulate the process of adsorption on the dominant component.
The results of the adsorption process modeling of the studied mixtures the basic parameters of the dynamics of adsorption are determined: the working layer length, the unused layer length, the coefficient of protective action, which allowed to establish the duration of column operation and the amount of purified water depending on the throughput rate, the height of the fixed bed and the size of the column. The operation period of 1 m diameter column at different rates of flow of purified water for the studied sorbents are presented in table 7, the amount of purified water until the breakthrough of formaldehyde in the filtrate ( Table 8) .
The operating time of the filtering layer until the breakthrough decreases in such sequence: KsAU > AG-3 > ABG. Studies of the formaldehyde adsorption in the presence of phenol in dynamic conditions showed the greatest efficiency of AC grade KsAU, but considering its high cost, the sorbent grade AG-3 can be recommended for the purification of wastewater containing mixture of phenol and formaldehyde.
In the process the efficiency of adsorption filters for removing contaminants decreases over time, therefore, to restore the adsorptive capacity of sorbents their periodic regeneration is required. We propose the technology of AC regeneration after the studied phenol-C/C 0 1a 2a 3a 1b 2b 3b t, hour Fig. 6 . Technological scheme of novolac resins production with a help of periodical method, including the stage of waste water adsorption purification formaldehyde mixture adsorption, namely-using of carbonic sorbent washing the with water heated to 50°C, followed by heating to 200°C for 2 hours, allowing to recover the sorption capacity of AC to 95-98%. To select the temperature of thermal regeneration the derivatographic research was held. The estimation of the AC adsorption properties recovery after aqueous mixtures adsorption in the laboratory revealed that after the fifth cycle of regeneration-sorption adsorption capacity decreased by 15%.
To increase the environmental safety and save the resources for production of phenol-formaldehyde resins, we propose to add the adsorptive purification of waste waters in the existing technological scheme of novolac resins production with a help of periodic method.
The technological process of producing the solid novolac resin with the help of periodic method consists of the following stages: preparation, loading and condensation of the raw material, drying the resin, its pouring, cooling and grinding [13] . Formalin and phenol from containers (1, 2) (Fig. 6) are pumped in the weight measuring tanks (3, 4) , from which they by gravity come in condensing and drying the reactor (7) through a strainer (6) . A reactor is equipped with anchor type stirrer, heating and cooling jacket and tubular cooler (5) . In the period of raw material polyfunctional condensation it works in a closed cycle (such as reverse); water vapor, formaldehyde and phenol are condensed and returned to the reactor. Resin from the reactor (7) is merged into the intermediate tank (11) , where the temperature is 90-130°C and then it is moved to the granulating mill (12) and after granulation is cooled by air and arrives to the warehouse. During the resin drying all volatile substances after cooling are condensed and gathered in the collector (9) . In the production of 1 t of the novolac resin 1.5-2.0 m 3 of contaminated wastewater is formed. Wastewater containing predominantly phenol and formaldehyde accumulated in the tank (13) are moved to the adsorption unit for purification. The adsorption unit with a fixed bed of sorbent includes three adsorption filter (15) of 2 m in diameter and a loading layer height of 3 m, filled with activated carbon grade AG-3, the pump (14) for supplying wastewater with a filtration rate of 10 m/h and drainage of purified water (16). The activated carbon is to be unloaded after the drain of remaining in the column liquid. For a complete emptying of the column, the remaining water is pumped (17). Purified water and emitted at the regeneration stage phenol and formaldehyde are returned to the production cycle.
CONCLUSIONS AND RECOMMENDATIONS
Based on the results of systematic approach to the study of adsorption from aqueous medium by sorbents of different nature, mass transfer, optimization of filter parameters and modes of sorption purification, there was developed a technology of wastewater adsorptive purification from organic components, which allows to increase ecological safety and to save the resources for production of phenol-formaldehyde resins due to the reuse of purified water and recycling the extracted organic substances.
The developed technology can be used in other industries, in which wastewater also contains phenol and formaldehyde mixture, for example, the production of organic pigment, varnishes, explosives. The proposed technology can be implemented on the basis of equipment produced in our country.
